chips out of well-cutting samples from five wells. Vitrinite reflectance profiles were then constructed to determine the level of thermal maturity in the study area. A stratigraphic and structural cross section was constructed and the positions of several important surfaces of equal vitrinite reflectance plotted. The cross section (pl. 1) and profiles (figs. 2-5) were then studied to determine the relative burial histories of the Divide Creek anticline and the Grand Hogback and their adjacent synclines and how and when these structural elements formed. The cross section helps identify areas in which potential source rocks are thermally mature enough to have generated and expelled significant amounts of natural gas, and it indicates the locations of favorable source beds and sandstone reservoirs. The results of this study should aid in understanding low-permeability gas accumulations in the Mesaverde Formation of the Piceance basin.
GEOLOGIC SETTING
The Piceance basin is a structural and sedimentary basin created during the Laramide orogeny (Late Cretaceous through Eocene time). The basin is bounded on the northwest by the Uinta uplift, on the north by the Axial basin anticline, on the east by the White River uplift, on the southeast by the Sawatch uplift, on the south by the San Juan volcanic field, and on the southwest by the Uncompahgre uplift ( fig. 1 ). Similar to other Laramide basins, the Piceance basin is highly asym- named the Grand Hogback. The eastern flank is believed to be underlain by a major, deep-seated reverse or thrust fault (Gries, 1983) .
Three large anticlines are in the southeastern part of the basin, the Divide Creek, Wolf Creek and Coal Basin anticlines. Although these anticlines may have been modified structurally by intrusions of Oligocene and younger age, they probably are underlain by Laramide reverse or thrust faults related to the fault beneath the Grand Hogback (Gries, 1983) .
The thickness of the Mesaverde Formation (also known as the Mesaverde Group) varies from about 3,000 ft along the western margin to more than 6,000 ft along the eastern margin of the Piceance basin. Deposition of the Mesaverde Formation mostly, but not totally, predates onset of the Laramide orogeny. During deposition of most of the Mesaverde, the area of the Piceance basin was part of a much larger foreland sedimentary basin that extended across the central part of the North American continent. During the Early Cretaceous, downwarping in the foreland basin resulted in invasion by an epeiric sea. Several thousand feet of Mancos Shale was deposited over the area of the Piceance basin; then, during the Late Cretaceous, the seaway was filled by sediments derived mostly from the Sevier orogenic belt to the west (Fouch and others, 1983 
Source Rocks
The tongues of Mancos Shale probably contain a mixture of humic and sapropelic matter and as such would be good source rocks for petroleum; however, the organic matter in these rocks has been neither quantified nor qualified. The regressive marine rocks of the Mesa- Rocks of the upper part of the Mesaverde include some carbonaceous shale and coal, but lenticular sandstones and gray shales predominate, and the upper part of the Mesaverde contains only fair to poor source rocks for natural gas.
Tectonic and Thermal History
In the area of the Piceance basin, the Laramide orogeny began during Late Cretaceous (Campanian) time and prior to the end of Mesaverde deposition. One of the oldest Laramide uplifts in the area is the Sawatch uplift, southeast of the Piceance basin, and radiometric dates suggest that it began to rise during the middle of fluvial Mesaverde deposition (Tweto, 1975) . Volcanic rock fragments in a fluvial Mesaverde core from the southern part of the Piceance basin may have been derived from the rising Sawatch uplift (Hansley, 1981) .
Despite positive movement on the Sawatch and possibly other Laramide uplifts during the Campanian, fluvial Mesaverde deposition continued in the area of the Piceance basin until almost the end of the Cretaceous.
Regional uplift and erosion probably began prior to the end of the Cretaceous and affected most, if not all, of the area of the Piceance basin May, 1978, 1980; Finn, 1985, 1986) . As much as several thousand feet of Mesaverde rock may have been stripped away before subsidence and sedimentation began again during the Paleocene. The Piceance basin subsided throughout most of the Paleocene and Eocene, and as much as 12,000 ft of sediment was deposited along the structural trough of the basin. This thick pile of sediment increased the thermal maturity of the Mesaverde such that significant quantities of natural gas were generated by the Mesaverde in the deeper parts of the basin.
THERMAL MATURITY MODELS
Although mean random vitrinite reflectance (Rm) can be used to determine the level of thermal maturity of organic matter in sedimentary rocks, it should be noted that there are two models to explain the relationship between time and thermal maturity. In the first model, time and temperature are assumed to be interchangeable, and, if given sufficient time, even a relatively low temperature can produce a high level of thermal maturity (Lopatin, 1971; Waples, 1980) . No single temperature, therefore, can be assigned to a vitrinite reflectance value. In this model, originally proposed by Karweil (1956) and further developed by Lopatin (1971) , the geologic history of a unit is divided into increments of time and the average temperature for each increment estimated. Each increment is assigned a value based on both the average temperature of that increment and the length of time spent at that temperature. In Lopatin's model, the rate of reaction increases by a factor (r) for each 10 C increase in temperature. Using the Arrhenius equation, which states that the rate of chemical reaction approximately doubles for each 10 *C increase in temperature, Lopatin assigned a value of 2 to the factor r. The sum of each increment value multiplied by r yields Lopatin's TTI index. Waples (1980) calculated TTI values for 402 samples from around the world and, despite the scatter in his data, suggested that a value for r of 2 is reasonable. Lopatin had calibrated his model to different stages in the process of oil generation by using data from the Munsterland-1 borehole in the Ruhr district of Germany. When Waples attempted to apply Lopatin's calibration to other areas, the predicted vitrinite reflectance values were higher than the observed values, apparently because of an error in the geologic reconstruction of the Munsterland borehole. Waples
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(1980) then recalibrated Lopatin's TTI index by using data from 31 wells from around the world and suggested a new correlation between TTI and vitrinite reflectance.
In the second model, time is assumed to have no significant effect on thermal maturity; relatively soon (geologically speaking) after maximum temperatures are reached, organic matter stabilizes and significant reaction ceases (Neruchev and Parparova, 1972; Barker, 1983; Price, 1983) . Proponents of this model believe that the Arrhenius equation does not apply to nonreversible complex reactions that occur when organic matter is converted into hydrocarbons. Suggate (1982) found a good correlation between maximum temperature and coal rank, regardless of the age of the coal, and suggested that the effects of time on the maturation of organic matter have been overemphasized. He stated (p. 385) that "***the time available (rarely less than 1 million years and commonly much longer) at maximum temperature will always be sufficient to complete the reaction, at least to the 99 percent level." If proponents of the second model are correct, then vitrinite reflectance can be used as an absolute paleothermometer and it is much easier to interpret vitrinite reflectance values.
Although it is beyond the scope of this report to debate the two models, some general conclusions will be discussed in a later section.
VITRINITE REFLECTANCE PROFILES FOR SOUTHEASTERN PART OF PICEANCE BASIN
Vitrinite reflectance was plotted as a function of depth on semilogarithmic graphs for four of the five wells (figs. 2-5) studied. (Data for the Tenneco Oil Corporation well are proprietary and are not shown.) Because vitrinite reflectance generally increases logarithmically with depth (Dow, 1977) , a "best-fit" or "eyeballed" straight line was drawn through the data: the steeper the line, the slower the rate of increase in vitrinite reflectance with depth. attempted this because we are studying only the Cretaceous Mesaverde Formation and Mancos Shale and we would have to make extrapolations through several thousands of feet of Tertiary section. In general, however, wells having less steeply trending Rm profiles either have or have had higher geothermal gradients or have been subjected to a certain temperature or burial depth for a longer period of time than wells having more steeply trending Rm profiles. 
HYDROCARBON-GENERATION THRESHOLDS EXPRESSED BY SURFACES OF EQUAL VITRINITE REFLECTANCE
The Mesaverde Formation contains mostly terrestrial vitrinitic or humic kerogen and is capable of generating large quantities of methane gas under the proper conditions. Three important surfaces of equal vitrinite reflectance are shown on the cross section (pl. 1): 0.73, 1.10, and 1.35 percent. Although it is debatable which value corresponds to the start of methane generation in coals and carbonaceous shales, we have chosen one of the most widely accepted models, that of Juntgen and Karweil (1966) , in which thermal generation begins at 0.73 percent Rm. Coals, and to some extent carbonaceous shales, are able to absorb or store methane within their microstructure, and the point at which gas is expelled depends on the degree of thermal maturation (as measured by vitrinite reflectance), temperature, and pressure. According to Juntgen and Karweil (1966) and Meissner (1984) , methane begins to be expelled at Rm values between 0.73 and 1.10 percent. Although the organic matter in the Mesaverde Formation is mostly humic and will generate methane, the 1.35-percent-Rm surface is believed to be the point at which oil breaks down to gas and condensate (Dow, 1977) . Oil may have migrated upward into the Mesaverde from the underlying, more liptinite rich Mancos Shale but should not be found in the area below the 1.35-percent-Rm surface, unless it migrated in after Mesaverde Formation temperatures declined. A vitrinite reflectance surface of 2.0 percent is shown between the Barrett and CER wells for reference only. Except in the Barrett and CER wells, the Mesaverde Formation has reached maturities of at least 0.73 percent Rm (pl. 1).
DISCUSSION AND CONCLUSIONS
Surfaces of equal vitrinite reflectance in the southeastern part of the Piceance basin generally are parallel with structure, though at a lesser angle. Vitrinite reflectance surfaces diverge over the positive structures and converge toward the synclines, and they are steep on the positive structures and less steep in the synclines (pl. 1). These observations suggest that the rate of increase in vitrinite reflectance with depth is less on the Divide Creek anticline and the Grand Hogback than in the adjacent synclines.
In this study, we assume that paleogeothermal gradients are the same as present-day gradients because we have insufficient data to determine either how geothermal gradients have changed through time or what they were at a given time in the past. Geothermal i gradients for the wells in this study were calculated by using uncorrected bottom-hole temperatures and are fairly consistent with regional geothermal gradient trends constructed by using similar data from hundreds of wells in the Piceance basin ( fig. 6 ) (Johnson and Nuccio, 1986 ).
Regional trends suggest that geothermal gradients vary only modestly along the line of section. The Tenneco well on the Divide Creek anticline has an uncorrected geothermal gradient of 1.98 *F/100 ft, a gradient slightly higher than the regional study would suggest. This higher gradient may be the result of an extensive fracture system in the anticline that allows relatively hotter fluids to circulate upward through the section. Temperatures in this well were not recorded until 17 hours after circulation stopped, and, as a result of this unusually long recovery time, borehole temperatures were probably able to equilibrate with formation temperatures. The Tenneco well geothermal gradient is still less than the estimated corrected geothermal gradient of 2.0-2.2 *F/100 ft for the area of the Divide Creek anticline (Johnson and Nuccio, 1986) .
If thermal gradients have been fairly constant through time along the line of section (pl. 1), then observed thermal maturity differences must result mostly from differences in burial histories. Burial histories near the axial trough of the basin are fairly well understood (Nuccio and Johnson, 1984; Johnson and Nuccio, 1986 ), Prior to structural uplift of the Divide Creek anticline and the Grand Hogback, thermal maturities had not reached their present levels along the line of section. If they had, then the surfaces of equal vitrinite reflectance would be parallel with stratigraphic units across these structures ( fig. 7A) . In a like manner, thermal maturities were not completely determined after structural movement stopped; if they had been, then the surfaces of equal vitrinite reflectance would be almost horizontal and pass through structures ( fig. 7B ). In order to explain the position of surfaces of equal vitrinite reflectance in the southeastern part of the Piceance basin, we suggest that late Eocene uplift and erosion over the Divide Creek anticline and the Grand Hogback significantly cooled the Mesaverde Formation over these structures and "froze" the steep vitrinite reflectance profiles in place. If our hypothesis is correct, then vitrinite reflectance values over these two structures have changed little since the period of folding began sometime before the end of the Eocene. The adjacent synclines were not affected by late Eocene uplift and continued to subside and receive sediments until almost the end of the Laramide orogeny, near the end of the Eocene. This additional depth of burial allowed the maturation process in the synclinal areas to continue, as evidenced by the shallower vitrinite reflectance profile.
The structural complexities of the southeastern part of the Piceance basin make it an ideal area in which to test the validity of the two contrasting models of organic metamorphism. The line of section (pl. 1) was extended east along the Grand Hogback and west to near the southwestern margin of the basin, and schematic cross sections were drawn for two time periods: 46 m.y. The time of deposition of the Mahogany oil shale zone was chosen because the zone is the stratigraphically highest marker unit that can be traced throughout most of the Piceance basin ( fig. 84 ). Because the Mahogany zone has been eroded from the crest of the Divide Creek anticline and the Grand Hogback, the position of the Mesaverde in these areas during this period is speculative. Surfaces of equal vitrinite reflectance are shown on figure 84, but specific values are not assigned. Regardless of whether the time-dependent or timeindependent model is correct, the surfaces of equal vitrinite reflectance should dip and fan out somewhat toward rapidly subsiding areas of the basin during active basin subsidence because, during active subsidence, organic matter has less time to equilibrate in the rapidly subsiding areas than in the slowly subsiding areas.
Fanning out of the surfaces of equal vitrinite reflectance toward the synclines is opposite of what is observed today. Figure 8B shows the Piceance basin as it appeared 10 m.y. ago. The positions of the surfaces of equal vitrinite reflectance probably have changed little during the last 10 m.y. because of the rapid rate of erosion and subsequent cooling in the basin, and the present-day positions of these surfaces are used. In the southeastern part of the Piceance basin, an erosional surface at a present-day elevation of 10,000 1,000 ft probably formed during the final stages of the Laramide orogeny and shortly thereafter, a time period in which basin peratures. The shift along the margins of the basin and over the Divide Creek anticline from slow subsidence to rapid uplift and erosion would have occurred in less than the equilibration period of from 10,000 to 1 million years; otherwise present-day vitrinite reflectance profiles would be the same on the Divide Creek anticline and the Grand Hogback as in the synclines.
SUMMARY
A more complete understanding of the burial history of the Divide Creek anticline may help determine the most appropriate thermal maturity model. Although lower Tertiary rocks have been eroded from the crest of the Divide Creek anticline, they are still preserved along the flanks, and careful mapping of key units along the flanks may better define thickening trends and help determine when the anticline was most active. Additional vitrinite reflectance data are needed to determine if the vitrinite reflectance profiles in this study are representative of the entire Piceance basin area. Additional vitrinite reflectance data are also needed for structurally higher levels on the Divide Creek anticline. In summary, the southeastern part of the Piceance basin provides considerable opportunities to investigate the processes of organic-matter metamorphism. """"""""""""""""""""" M"N """" Freeman (1971a Freeman ( , 1972a recognized a distinctive sandstone unit in the Woody Creek, Ruedi, Toner Reservoir, and Red Creek 7 -minute quadrangles of Eagle and Pitkin Counties, northwest Colorado. Freeman named this unit the sandstone of the Fryingpan River, mapped its restricted occurrence, inferred its eolian origin, and defined its stratigraphic position. He noted that its contact with the underlying Maroon Formation (Middle Pennsylvanian to Early Permian) was sharp and might be a very low angle unconformity, and he therefore proposed that the sandstone of the Fryingpan (Tweto, 1977; Wallace and Naeser, 1986) , whereas the Uncompahgre uplift was partly buried. The locations of the margins of these uplifts may have shifted from the Pennsylvanian to the Tertiary; as a result, the exact configurations of Pennsylvanian basins are not known.
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GEOLOGIC SETTING
Pennsylvanian and Early Permian tectonism in the
Late Paleozoic deposition in the Eagle basin and the Aspen subbasin was strongly controlled by local tectonics, relative sea level changes, and climate (Mal- lory, 1971 Bartleson, 1972; Walker, 1972; Johnson, 1987a) . The Maroon Formation, the Schoolhouse Tongue of the Weber Sandstone, and the State Bridge Formation form the late Middle Pennsylvanian to Early Triassic fill of these subbasins (fig. 2) .
The Maroon Formation is mostly a sequence of nonmarine red beds. It may be as thick as 4,500 m in the Aspen subbasin (Freeman and Bryant, 1978) ; whereas, to the north in the Eagle basin, its thickness is considerably less, about 300 to 1,000 m (Johnson, 1987a) . Data from crossbed foresets (arrow is vector mean; n is number of observations; s is vector strength).
p. D80) pointed out that, in the central part of Eagle basin near Eagle ( fig. 4) , the contact between the Maroon Formation and the Schoolhouse Tongue of the Weber Sandstone is diagenetic in that it juxtaposes bleached and unbleached rock of otherwise similar lithologic character. This contact is similar in character throughout most of Eagle basin (Johnson, 1987a) . Paleowind indicators ( fig. 3 ) similarly indicate sediment transport to the south-southeast. The Fryingpan Member has a restricted occurrence at the top of the Maroon Formation near Ruedi Reservoir on the west flank of the ancestral Sawatch uplift (fig. 4) . It was first recognized by Freeman (1971a) , who mapped it, named it the sandstone of the Fryingpan River, and considered it the basal part of the State Bridge Formation. It has a maximum thickness of about 123 m and consists mainly of reddish-orange, very fine to fine grained sandstone. Its stratigraphy, lithology, sedimentology, and distribution are discussed in following sections.
The Maroon Formation (including the Fryingpan Member) and the Schoolhouse Tongue of the Weber Sandstone are overlain by the State Bridge Formation (Brill, 1944) over most of the Eagle basin and the Aspen subbasin. The State Bridge varies in thickness from about 100 to more than 1,000 m (Freeman, 1971a; Tweto and others, 1978) and mainly consists of reddish-brown claystone and siltstone and minor sandstone. Beds are Bridge Formation was mainly deposited in fluvial, marginal-marine, and lacustrine(?) environments (Freeman, 1971a) .
The Maroon Formation and the Schoolhouse Tongue of the Weber Sandstone lack fossils that yield diagnostic ages. Limestones in the underlying Minturn and Gothic Formations and Eagle Valley Evaporite contain Middle Pennsylvanian (Desmoinesian) fossils (Tweto, 1949; Boggs, 1966; Mallory, 1971; Bartleson, 1972) , and the South Canyon Creek Dolomite of the State Bridge Formation has yielded early Late Permian (Guadalupian) fossils (Bass and Northrop, 1950 ; M.E.
MacLachlan, oral commun., 1987). A Middle Pennsylvanian to Early Permian age has therefore been assumed for the Maroon. In that the Schoolhouse Tongue of the Weber Sandstone and the Fryingpan Member are at the top of the Maroon, they are probably of Early Permian age. The contact between the Maroon Formation, or the Schoolhouse Tongue of the Weber Sandstone, and the State Bridge Formation, however, is locally unconformable (Freeman, 1971b) . This unconformity has local angularity (as much as 600; Freeman, 1971a, p. F6) and may represent a significant hiatus. If this is the case, then the Schoolhouse Tongue and the Fryingpan Member might conceivably be of Pennsylvanian age.
STRATIGRAPHY AND OCCURRENCE
The Fryingpan Member has a restricted occurrence in the northern part of the Aspen subbasin adjacent to the Sawatch uplift (Freeman, 1971a (Freeman, , 1972a Freeman and Bryant, 1977) (fig. 4) outcrops to a pinchout about 5-6 km to the southsouthwest and about 7-8 km to the west-northwest (Freeman, 1971a (Freeman, , 1972a ; this study). These outcrops encompass an area of about 70 to 80 km 2 . To the east and north of these outcrops, the Fryingpan Member has been eroded.
There is no continuous, well-exposed section of the Fryingpan Member near the Ruedi Dam where it has its maximum thickness. As a result, a composite section of the unit was measured ( fig. 5A ) well exposed (fig. 6 ). Below the contact at the type section, the upper Maroon consists of massive to faintly crossbedded and flatbedded siltstone to very fine grained sandstone interpreted as loessite (Johnson, 1987a,b,c) . Above the contact, the Fryingpan Member consists of plane-bedded and crossbedded, very fine to fine grained sandstone also of eolian origin (Freeman, 1971a; this report) Member and the underlying Maroon Formation is well exposed (fig. 7) ; massive siltstone and very fine grained sandstone of the Maroon are gradationally overlain by plane-bedded and crossbedded, very fine to fine grained sandstone of the Fryingpan Member. The contact between the Fryingpan Member and the overlying State Bridge Formation is covered, marked by a break in slope, and probably disconformable.
SEDIMENTOLOGY
The Fryingpan Member consists of well-sorted, moderate-reddish-orange, very fine to fine grained sandstone, and less common siltstone, medium-to coarse-grained sandstone, and breccia. Crossbedded sandstones interpreted as eolian dune deposits and plane-laminated to massive sandstones interpreted as (fig. 3) .
Foreset laminae of eolian grainflow, grainfall, and ripple origin (Hunter, 1977) were all observed, but the variable quality of outcrop exposures precludes accurate determination of the relative proportion of these diagnostic eolian stratification types. Grainflow laminae (figs. 8, 9) are abundant, particularly in thicker (<1 m) As with loessites in the Maroon Formation (Johnson, 1987a,b,c) , the ancestral Sawatch uplift probably formed the topographic barrier needed to halt transport of sediment derived from northern sources and to initiate deposition. The geographic setting for the dune deposits of the Fryingpan Member is therefore similar to that of the modern dune field at Great Sand Dunes National Monument in south-central Colorado (Johnson, 1967; Andrews, 1981) . This modern dune field fills an embayment in the Sangre de Cristo Mountains through which the prevailing southwesterly winds are funnelled.
In addition to a comparable basin-margin location, the dimensions, facies, and sediment sources of this modern dune field are similar to those of the inferred Fryingpan Member dune field. The dune field at Great Sand Dunes (Province III of Andrews, 1981, fig. 1 Finally, the sediment source for both the Fryingpan Member and the dune field at Great Sand Dunes is inferred to be fluvial and sand-sheet deposits in the main part of the basin. Paleowind patterns for the Fryingpan Member ( fig.  3) are parallel with the inferred trend of the flanking basin margin, whereas Andrews (1981, fig. 8 ) reported that cross beds in the dune field at Great Sand Dunes National Monument have highly variable orientations but a dominant eastward dip toward the basin margin. The discrepancies between the two systems and the paleowind directions for the Fryingpan Member are perplexing because, for each system, the uplifted basin margin provides (or is inferred to have provided) the obstruction needed for concentrating sand derived from upwind sources and for dune development. The exact relief and configuration of the ancestral Sawatch uplift are not known, however, and the modern Sawatch uplift protrudes westward a few kilometers south of the Fryingpan Member outcrop belt. If this protrusion is a late Paleozoic relict, it may have restricted eolian sediment transport or helped generate a local wind cell that created conditions favorable for development of southsouthwest-facing dunes.
The Fryingpan Member at the type section overlies loessites of the Maroon Formation. The termination of less deposition and the initiation of dune deposition were probably forced by a cessation or slowing of subsidence in the Eagle basin and Aspen subbasin, the source area for Fryingpan Member sands. Rather than being rapidly buried beneath the Maroon alluvial-eolian plain, sands in this source area were exposed at the surface and made susceptible to eolian erosion and transport for longer time intervals. Consistent with this interpretation, thick beds of coarse to granular sand interpreted as deflation lags are present at inferred correlative stratigraphic horizons (the uppermost Fryingpan Member of the Maroon Formation, Northwestern Colorado
